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ABSTRACT
Solar photovoltaic (PV) and wind power, the two most popular renewable energy sources, cause temporal imbalances
between energy demand and supply, requiring fossil fuel reserve power or costly electric energy storage to prevent
grid blackouts. Alternatively, using heating, ventilating, and air conditioning systems (HVAC) for converting electric
energy and storing it in thermal form when the electricity supply is high while the demand is low can change the enduser
demand profile, reducing the required reserve power and/or storage. This paper reviews technology for waterbased
thermal energy storage (TES) for vaporcompression systems for heating and air conditioning (AC) applications at the
residential scale. Also, we screen the potential of waterbased TES in shifting HVAC loads for residential buildings.
The presented work informs future research needs by providing an overview of available thermal energy storage options
and their applications in residential buildings. In addition, the findings of the preliminary study show the potential of
waterbased TES in shifting loads with a reasonable size compared to the building footprint.

1. INTRODUCTION
Penetration of renewable resources has been used to address energy generation emission and their impact on climate
change. Wind and solar PV generated 9.2% and 2.8%, respectively, of the total electricity generation in the United
States in 2021 (EIA, 2022b). However, this penetration of renewable resources causes issues, such as an imbalance
between supply and demand, because the resources are intermittent. As an example, the “duck curve” phenomenon in
California presents a challenge for utility companies due to the necessity of those companies to generate electricity in
an unstable way, causing reliability and efficiency issues for them (Liu et al., 2019). For example, renewable resources
often reach their production peak while the demand is low around noon, so conventional energy production must be
reduced. The renewable production may, on some days, exceed the demand. Additionally, solar PV rapidly decreases
in output late in the day, just as residential electricity consumption is rapidly increasing, so the utility company must
increase the energy production to the maximum in a short period. These rapid changes require more highly dispatchable
forms of electricity generation, and base load generation capacity may be sidelined. In general, if a utility company
generates energy from intermittent renewable resources, it will often generate surplus energy while the demand is low
and vice versa.
Storing energy generated from intermittent renewable resources may solve the supplydemand imbalance. The sur
plus energy produced during the peak generation period can be stored for later use when demand is high while the
renewable resource generation is low. Therefore, through demandresponse management, utility companies could of
fer incentives for endusers to use the electricity when the renewablesource production is high by reducing the utility
rates and increasing the rates when the production is low (Arteconi et al., 2012, 2013; Renaldi et al., 2017; Tam et al.,
2019).
Residential buildings, which are the scope of this study, are responsible for 21% of the energy consumption in the
United States in 2015 (EIA, 2022a). Out of the 21% consumed by the residential buildings, space heating, AC, and
water heating were responsible for 43%, 8%, and 19% of energy consumption, respectively (EIA, 2015). Hence,
the integration of energy storage for heating and AC has a high potential for shifting residential building loads. For
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heating and AC applications, thermal energy storage (TES) can store energy in the form of heat by heating or cooling
the medium in the storage. In our review of the literature, we observed that waterbased TES systems are not studied
as intensely as TES systems integrating phase change materials (PCMs), as can be observed from Table 1 in Hirmiz
et al. (2019) and Table 3.1 in Heier et al. (2015). The limited consideration of waterbased TES might be due to
the lower energy density of water compared to PCMs. For example, 300 kWh of energy stored at 15 °C (59 °F) ΔT
requires 16 m3 (565 ft.3 ) storage volume of water, while it requires 6.6 m3 (233 ft.3 ) storage volume of organic PCMs
(Hasnain, 1998). However, unlike PCMs, water can be used as a storage or distribution medium over a wide range
of temperatures. Therefore, this paper aims to review the literature to identify future directions for research on water
based TES in heating and AC applications. We review the literature considering only studies that investigated water
based TES integration, either in liquid or iced form, for vaporcompression systems for heating and AC applications
in residential buildings. Also, we aim to investigate the potential of waterbased TES in shifting heating and cooling
loads for residential buildings.
We organize this paper as follows: the review of the existing studies of the waterbased TES integration is reported
in Section 2, the preliminary study investigating the potential of waterbased TES integration for heating and AC
applications is shown in Section 3, and the conclusion of our review and study is presented in Section 4.

2. WATERBASED TES IN HEATING AND AC APPLICATIONS: REVIEW
In general, three main types of vaporcompression systems for heating and AC applications integrating waterbased
TES have been found in the literature: an entire system for heating and AC, a system for heating only (Subsection 2.1),
or a system for cooling only (Subsection 2.2). A study of TES integrated into a groundsource heat pump (GSHP)
system that provided both heating and cooling was described by Heng (2017). Heng used Modelica to model the
system, which integrated hot and cold TES tanks, the watertowater GSHP, and a fancoil unit (FCU). The GSHP
serves to charge the tanks based on the operational mode. The operational modes are Dual Charging (DC), Cold
Charging (CC), and Hot Charging (HC). The GSHP absorbs heat from the cold tank in the DC mode and rejects it
to the hot tank. In the CC mode, the GSHP absorbs heat from the cold tank and rejects it through the ground heat
exchangers, while the GSHP absorbs heat through the ground heat exchangers and rejects it to the hot tank for the HC
mode. The building’s heating or cooling demand is met using water from the tanks and a fancoil unit. The system
serves a house modeled as a single space having dimensions of 10 m (33 ft.) wide, 20 m (66 ft.) long, and 6 m (20 ft.)
height in Stillwater, Oklahoma. The sixteen oneyear simulations considering different compressor and tank sizes show
that the system works efficiently with larger compressors and smaller tanks. However, reducing the tank size results
in increased cycling of the GSHP.
For an entire system using renewableenergy resources and integrating waterbased TES, Li et al. (2021) modeled and
simulated a singlefamily singlelevel house integrating a solarpowered heat pump with TES for space heating and
cooling in Brisbane, Australia. The system consists of rooftop PV panels, TES hot and coldwater tanks, an airsource
heat pump (HP), and an FCU. The PV or the grid can power the HP to charge either the cold or hot TES tank; then, the
TES supplies heating or cooling to the building. The proposed system is compared to two other systems: a baseline
system with conventional AC and domestic hot water (DHW) and a system identical to the proposed system but without
the TES tanks. The results showed that the proposed system with 5kW panels reduced the grid energy demand by
76% with shifting load during the grid demand peak, which reduced the peak load by 45% compared to the baseline
system.

2.1 WaterBased TES for Heating
Arteconi et al. (2013) investigated the impact of using TES with an HP system on the performance of the system and
occupant comfort in a simulation study. TRNSYS is used as a simulation tool with the building model of a detached
house in Northern Ireland. The baseline heating system consists of an airtowater HP with a hydronic distribution
system utilizing radiant underfloor heating or panel radiators. TES is integrated into the heating system to provide heat
directly to the building, while the coupled HP provides heat to the TES. Three electricity rate structures are considered
to calculate the energy cost: a flat rate, a twotier structure with a 7hour reduced rate period and 17 hours at the
flat rate, and a rate structure with three levels of cost based on electricity generation cost. The results showed the
necessity of integrating TES with a system with low thermal mass, such as radiators, to avoid excessive HP cycling
while maintaining thermal comfort. Also, TES integration reduces the energy cost with utility rates varied throughout
the day but does not reduce the energy consumption.
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In terms of design and optimization, Renaldi et al. (2017) developed a framework for designing and optimizing a heating
system that integrates an HP with TES to reduce the total cost, including initial cost, operational cost, and revenue from
subsidy in the United Kingdom. The framework includes models of heat demand, an airsource HP, TES, and electricity
tariff. The heat demand model considers external temperature, occupancy profile, and annual energy demand. The HP
model is represented by a function of the temperature difference between supply temperature and external temperature
with the use of the manufacturer’s data to produce a linear regression fit for the HP performance. The TES is considered
to be charged through the HP and a resistive heater, and it is represented by a set of equations. Three electricity tariffs
are considered: Standard, where the rate is flat, and Economy 7 and 10 (E7 and E10), where 7hour and 10hour off
peak rate occurs, respectively. The optimization problem is formulated by Pyomo 4.0 and solved with CPLEX, and
the results are compared to results obtained with TRNSYS. Compared to a boilerbased system, a heating system with
HP has a higher total cost. However, adding TES to the system and timeofuse electricity rate and a governmental
subsidy can make the HPbased system as competitive as the conventional system.
For studying the impact of sizing TES and HP on the cost and heating load shifting under variable electricity rates,
Bechtel et al. (2020) simulated a NearlyZeroEnergyBuilding house in Luxembourg. The system consists of airto
water HP coupled with TES and a tank for DHW. The building is heated by hot water stored in the TES through a
heatingfloor system. The building and the system are modeled in TRANSYS and coupled with a MATLAB model
for a modelpredictive controller. A parametric study is conducted using two HP sizes with identical COP and four
TES sizes. The results show that increasing TES size can improve the flexibility of the HP in shifting the load and
the efficiency of the whole system. Also, including DHW for shifting the load alongside the heating system might not
improve the flexibility due to limited capacity and working within a tight temperature band.

2.2 WaterBased TES for AC
Zhang et al. (2020) modeled an ice storage system based on supercooled ice production for charging/discharging TES.
The model was developed within MATLAB SIMULINK with inputs of hourly temperatures and electricity rates for
calculating energy use and cost over the cooling season of an average home in two U.S. cities: Las Vegas and Phoenix.
The system has three subsystems for refrigerant, water, and air. The refrigerant subsystem is an HP with an evaporator
that can be refrigeranttowater or refrigeranttoair. The water subsystem consists of TES and a water pump, and
it can use the evaporator in the refrigerant subsystem to produce supercooled water. The system has four modes of
operation: charging, discharging, cooling, and standby. A controller determines the mode of the operation based on
Tindoor , Tset , electricity rate, TES state of charge, and the capability of the supercooling system. Compared to the result
of a conventional AC system with identical operational conditions, the proposed system can reduce the energy cost
by up to 75%. In contrast, the system causes a minor reduction in energy use  no number has been reported in the
study.
The system briefly described in Zhang et al. (2020) is described in detail by Mokarram & Wang (2022). Mokarram &
Wang (2022) modeled a residential AC system integrating an ice TES with a twofluid microchannel condenser and a
threefluid microchannel evaporator. The system has three loops: refrigerant loop, water loop, and air loop. The key
component arranging the loops is the evaporator with a tube with refrigerant adjacent to another tube with supercooled
water while air flows over the tubes. The system has three modes of operation: icecharging, where heat transfers from
the water loop to the refrigerant loop in the evaporator; regular homecooling mode, where heat transfers from the air
loop to the refrigerant loop in the evaporator; and ice homecooling mode, where heat transfers from the air loop to the
water loop in the evaporator. The system was modeled using SIMULINK of MATLAB, and the results of heat transfer
coefficients obtained with the model were verified with results in the literature.
In terms of improving a system performance by integrating TES, Sultan et al. (2021) modeled a vapor compression
system (VCS) integrating water/ice TES for a residential building in ASHRAE Climate Zone 3B using a timeof
use utility rate scheme for a week of extreme heat to study the economic and energy saving of the proposed system.
The baseline HVAC system of the studied building is a conventional airsource VCS without integrating TES to be
compared to an identical system integrating TES. The TES is an 80gallon (303 liters) ice/water tank used mainly
as a heat sink to improve the performance of the VCS. The system has four operational modes: Standby, where the
system is off; Normal, where the system works as conventional VCS; Charging, where the VCS moves heat from the
TES to the ambient; and Discharging, where the VCS moves heat from the building to the TES to improve the VCS
performance. The system is controlled based on the offpeak and onpeak periods of the utility rates. The system is
modeled in Engineering Equation Solver (EES) with a simple building model represented by an overall Ufactor and
thermal capacitance. The proposed system with TES reduced the energy use by 14.5%, onpeak energy use by 87.5%,
19th International Refrigeration and Air Conditioning Conference at Purdue, July 1014, 2022
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and the utility cost by 20% for the simulated period.
Investigating the effectiveness of integrating TES and precooling using a simulation tool, Nelson et al. (2019) imple
mented and optimized precooling and TES strategies for singlefamily homes in three U.S. cities, Los Angeles, CA,
Phoenix, AZ, and Kona, HI, to study the strategies’ impacts on energy use and cost. EnergyPlus is used as a simulation
tool with a model house designed to Building America B10 Benchmark specifications (Wilson et al., 2014). The HVAC
system consists of an airsource HP only as the considered location are coolingdominated locations. The sizing of the
HVAC system is optimized among a set of sizes considering the unmet loads and electricity cost and use. The cooling
strategies are:
• Baseline: the thermostat set point is adjusted at 24.4°C (75.9°F).
• Precooling: the thermostat set point is adjusted based on the outdoor temperature and onpeak time with and
without considering the setback point.
• TES : a singlespeed cooling coil in EnergyPlus is paired with TES.
• Combined: combine the Precooling and TES strategies with and without the setback option.
The Combined strategy with the setback option provides the most significant reduction in energy use for the simulation
period, which is the hottest week of July. The TES strategy reduces the onpeak demand by percentages varied from
11.554.6%. However, the payback period of the TES and Combined strategies exceed ten years.
In terms of the economic impact of integrating TES, Tam et al. (2018) evaluated, with modeling, the overall economics
of an AC with an ice storage for residential cooling applications considering system performance and operation cost in
various locations with the consideration of the advantage the storage might provide in terms of reducing the operational
cost (utility rate incentive) and the initial cost (equipment sizing). The evaluation considers the tradeoff between the
system capacity, efficiency, and storage size to obtain the least payback period. The proposed HVAC system consists
of an airsource AC system coupled with a secondary waterglycol secondary loop connected with ice storage. For
assessing the economic feasibility, the system sizing has been obtained using two approaches: design day analysis
considering the AC system operates in full capacity with the storage running at 080% of its capacity, and sizing the
equipment based on that gives the least payback period. The system cost model is developed based on data from the
U.S. Department of Energy and the Department of the Army (DOE (2016) and Chang (1995) in Tam et al. (2018)).
The optimal payback period is calculated compared to a conventional AC system by optimizing the objective function
using a nonlinear programming solver  ‘fmincon’ function of MATLAB. The proposed system is compared with a
3ton split AC system rated at 35°C (95°F) with 3 COP; it is represented for various Tamb by equations developed using
the ACHP tool (see: Bell (2012)). The system is evaluated based on utility rates and climate conditions of Miami,
California, Alabama, South Carolina, and North Carolina. The system with ice storage with a high SEER has a short
payback period, and the payback periods are ranged from 12 to 117 years, with the lowest for locations with a hot
climate and favorable utility rates.
Lee & Jones (1996) experimentally tested a cooling system integrating an iceoncoil TES aiming to develop testing
and rating procedures for such a system for residential and light commercial buildings. The authors proposed a system
consisting of a compressor, DHW tank, TES with a coil, an outdoor airtorefrigerant coil, an airtowater indoor heat
exchanger, and two circulating pumps. The system absorbs heat from the TES and rejects it to the DHW and the
outdoor coil, while heat is absorbed from the indoor heat exchanger and rejected to the TES. The proposed system is
tested using a dualairloop lab facility considering the outdoor air coil, the indoor air coil, and the TES with a coil. The
system is tested for the charging and discharging operational modes. In the charging test, the water is cooled from 40°F
to the formation of ice until 65% of the TES is transformed to ice under sink temperatures of 60, 70, and 95°F. In the
discharging test, a test lasts until ice is depleted from under source temperature of 75, 80, and 85°F. In the charging test,
results show that ice formation rate is linear although the temperature difference decreases in the heat source. Also,
the ice formation rate increases as the heat sink temperature decreases at any given charging time. For the discharging
test, the ice’s melting rate increases as the discharging process period increases, and the melting rate increases as the
heat source temperature increases.

3. PRELIMINARY STUDY
Due to its high capacitance and availability, water can be an effective medium for storing thermal energy. However,
the energy density of waterbased TES can be significantly less than TES integrating PCM (Hasnain, 1998). As the
application is important in determining the suitability of water as a storage medium, we conducted a study to investigate
19th International Refrigeration and Air Conditioning Conference at Purdue, July 1014, 2022
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the volume of waterbased TES required to shift heating or/and cooling loads in residential buildings. The study
considers five U.S. locations representing the main U.S. climates. For each location, load profiles and timeofuse
utility rates are obtained from OpenEI.org (NREL, 2022b,a). The selected locations are Arcata, CA (Marine), El Paso,
TX (MixedDry/HotDry), Madison, WI (Cold/Very Cold), Memphis, TN (MixedHumid), and Tampa, FL (Hot
Humid). The locations are the representative cities in the Ong & Clark (2014) study, which is the source of the load
profiles (NREL, 2022a), except Madison, WI. Madison, WI is considered for a Cold/VeryCold climate instead of
Billing, MT because the utility rate database (NREL, 2022b) has only a flatrate utility rate for the latter location.
The load profiles are the BASE profiles in the Ong & Clark (2014) study, which represent Building America B10
Benchmark (Hendron & Engebrecht, 2010). The load profiles are reported as enduse consumption in kWh, so the loads
are converted to units of heat energy by considering a Seasonal Energy Efficiency Ratio (SEER) of 13 for electricity
as an energy source and efficiency of 78% for gas as an energy source. The conversion values are based on values
listed in Table 4 in Hendron & Engebrecht (2010), which documents the development of the Building America B10
Benchmark. The rate profile names of the considered locations are listed in Table 1, and their profile is graphically
shown in Figure 1. In Figure 1, the xaxis represents the date (day of the year), the yaxis represents the time of day,
and the main plot area color indicates the electricity rate represented by the side color bar.
Table 1: General information of the rates of considered locations (NREL, 2022b).
City
Arcata, CA
El Paso, TX
Madison, WI
Memphis, TN
Tampa, FL

Utility Name
Pacific Gas & Electric Co.
El Paso Electric Co.
Madison Gas & Electric Co.
City of Memphis, Tennessee
Tampa Electric Co.

Rate Name
ETOUB  Residential Time of Use
Residential Service  TOU
TOD Residential Time of Day
RS TimeofUse Residential Rate
RSVP1 Residential Service Variable Pricing Program

Zip Area
95521
79901
53701
38105
33606

3.1 Methodology for the Preliminary Study
To determine the size of the TES, we found the loads occurring when the daily electricity rate was the maximum, as
shown in Figure 2. In Figure 2, the xaxis represents the date (day of the year), the yaxis represents the time of day, and
the primary plot area color indicates the load where the blue () is cooling, and the red (+) is heating represented by the
side color bar. We only considered the electricity cost per kWh plus any kWh adjustments shown under the “Energy”
tab of NREL (2022b). Then, we calculated the daily load occurring at the daily maximum rate to determine the annual
cumulative frequency of occurrence (CFO) below the maximum load, e.g., how often the maximum load is below the
indicated percentage considering only loads occurring when the rate is the maximum. After that, we assumed a range
of ΔT for water in TES considering water heat capacity of 4.182 [kJ/kgK] and density of 1,000 [kg/m3 ] and CFO of
90, 95, and 100% to size the TES for shifting heating or/and cooling loads. The sizing of the TES does not consider
the heat loss of the TES.

3.2 Results of the Preliminary Study
The ratio of the yearly loads occurring when the daily rate is the maximum to the yearly total load is shown in Figure 3.
The ratio is minimum in the Marine climate zone (Arcata, CA) at around 7%, and it is a maximum of 45% in the
HotHumid climate zone (Tampa, FL). Hence, considering TES for locations with a lower ratio might cause minor
load shifting, while it can cause significant load shifting when the ratio is high.
Results of the TES size are shown in Figure 5. In Figure 5, the xaxis represents ΔT of TES, the yaxis represents the
size of TES, the marker shape represents the locations, and the marker color indicates the CFO represented by the side
color bar. The size of the TES storage is more sensitive to the temperature change ΔT of the stored water than the CFO
of the maximum load. For example, the TES for shifting heating loads in a Cold/VeryCold climate zone (Madison,
WI) can be 300% more extensive for ΔT of 5°C (41°F) as compared to 25°C (77°F), while it is around 60% larger with
a load CFO at 90% as compared to a CFO of 100%. Additionally, although a larger ΔT reduces the size of the TES, the
large ΔT requires increased equipment size due to reduced heat pump capacities at larger temperature lifts to charge
the TES within the availability time. Hence, the tradeoff between the size of the TES and the equipment should be
optimized. Note that the footprint of the maximum size with the extreme case, e.g., lower ΔT and higher CFO with
the highest load, is not extremely large compared to the building footprint. For example, the maximum TES size of
around 20 m3 occurring in the Cold/VeryCold climate can fit into 4.5% (11 m2 (121 ft.2 )) of the building footprint
with a total area of 250 m2 (2,696 ft.2 ) if the TES is 1.8 m (6 ft.) tall with a radius of 1.9 m (6.2 ft).
19th International Refrigeration and Air Conditioning Conference at Purdue, July 1014, 2022
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(a) Arcata, CA (Marine).

(b) El Paso, TX (MixedDry/HotDry).

(c) Madison, WI (Cold/VeryCold).

(d) Memphis, TN (MixedHumid).

(e) Tampa, FL (HotHumid).

Figure 1: Electricity rates for the considered locations.
Also, the results show that load type occurring when the rate is the maximum varies from one location to another. For
example, the Marine climate zone (Arcata, CA) has only heating loads throughout the year as no AC is utilized (Ong
& Clark, 2014), and the MixedDry/HotDry climate zone (El Paso, TX) has only cooling loads when the rate is the
maximum. Hence, integrating TES for daily shifting of a load can be limited to a few months of the year, as the TES
will shift one load type. In addition, a significant imbalance between cooling and heating loads occurring when the rate
is the maximum in the Cold/VeryCold (Madison, WI) makes adopting one TES for both loads difficult because the
imbalance results in oversizing the TES for one load type. Oversizing the TES can negatively impact the total energy
consumption unless a control scheme is adopted to optimize the charging and discharging operations. An example of
such an optimizing control is weekly charging the TES during a cooling season on the weekends when the rate is flat and
equivalents to the minimum rate on weekdays. Nevertheless, heat loss can be an issue for relatively longterm storage
if the TES heat losses are not fully recaptured within the building. For the MixedHumid climate zone (Memphis,
TN), the heating and cooling loads occurring yearly (Figure 4) as well as when the rate is the maximum are relatively
balanced and occur throughout a year (Figure 3), so the TES will have the highest utilization throughout the year. For
the HotHumid climate zone (Tampa, FL), there is also a balance between the heating and cooling loads occurring when
the rate is the maximum, yet the yearly heating load is only 10% of the yearly total load as shown in Figure 4.
19th International Refrigeration and Air Conditioning Conference at Purdue, July 1014, 2022
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(a) Arcata, CA (Marine).

(b) El Paso, TX (MixedDry/HotDry).

(c) Madison, WI (Cold/VeryCold).

(d) Memphis, TN (MixedHumid).

(e) Tampa, FL (HotHumid).

Figure 2: Heating (+ and in red) and cooling ( and in blue) loads occurring during the maximum daily rate.

4. CONCLUSIONS
This study reviewed the literature for studies on systems integrating waterbased TES. The reviewed papers show
various aspects of integrating TES in vaporcompression systems, such as energy consumption and cost, and system
performance. TES integration with an HVAC system might help reduce onpeak energy consumption and cycling of
the system compared to the case of not integrating TES. Nevertheless, the TES integration could increase the integrated
system’s operational hours, increasing total energy consumption. In terms of cost, TES integration increases the initial
cost compared to conventional systems. However, the initial cost can be compensated by operational cost through time
ofuse rates. The system can shift loads from periods of high energy cost to periods of excess renewable electricity
supply. In terms of TES size, reducing the size of the TES reduces heat loss from the TES, which results in improving the
system integrating TES efficiency. Nevertheless, the reduction of the TES size would cause high cycling of the coupled
system. Also, integrating TES with a system powered by renewable resources and grid can significantly reduce the grid
peak consumption and enhance the flexibility of such a system in shifting loads. Hence, drawing a conclusion about the
TES integration with HVAC systems is difficult without considering both buildinglevel and gridlevel requirements.
Moreover, the authors anticipate further penetration of intermittent renewable sources, exacerbating the supply/demand
19th International Refrigeration and Air Conditioning Conference at Purdue, July 1014, 2022
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Figure 3: Ratio of a yearly load type occurring at max.
daily rate to the same type total yearly load.

(a) Heating.

Figure 4: Ratio of a yearly load type to the the total
yearly load (heating+cooling).

(b) Cooling.

Figure 5: TES size for shifting heating and cooling loads considering various cumulative frequency of occurrence of
maximum load during maximum daily rate and ΔT for the TES’s.
mismatch, with electrical batteries having higher environmental impact than waterbased TES. Hence, the seasonal and
economic analysis of an entire system handling loads throughout a year and integrating low environmental impact TES
for various climate conditions should be further investigated.
Also, we investigated the potential of waterbased TES for heating and AC applications. We selected five locations
representing the U.S. climates with timeofuse rates found in the utility database (NREL, 2022b) for each of the
locations. We found that the maximum size of the TES with the extreme operational conditions, such as small ΔT and
high cumulative frequency of loads, can be as low as 4.5% of the house’s footprint. Therefore, waterbased TES for
integration with HVAC can be competitive with the PCMbased TES in energy density. Also, the study shows that
each climate has its unique sizing considerations in terms of dominating load occurring when the rate is maximum
on daily bases (Figure 3), as well as the yearly dominant load type (heating or cooling) (Figure 4). Hence, attaining
a conclusion regarding the sizing of the TES requires considering the coupled system, heating, and cooling mode
consideration, utility rate scheme, and the systems control scheme to evaluate the optimum cost tradeoff between
sizing the VCS system and sizing the TES.
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NOMENCLATURE
AC
CFO
DWH
FCU
GSHP
HP
HVAC
PCM
PV
SEER
TES
UTS
VCS

Air Conditioning
Cumulative Frequency of Occurrence
Domestic Hot Water
FanCoil Unit
GroundSource Heat Pump
Heat Pump
Heating, Ventilation, and Air Conditioning
Phase Change Materials
Photovoltaic Panels
Seasonal Energy Efficiency Ratio
Thermal Energy Storage
Underground Thermal Storage
Vapor Compression System
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